INTRODUCTION
3D-CT angiography (3D-CT A) visualizes the anatomical relationships among lesions, surrounding blood vessels, and bones on 3D images. It has been widely used in the diagnosis of central nervous system diseases and surgical simulations l -6 ). 3D-CT A is particularly useful in the diagnosis of patients with cerebrovascular diseases 2 -5 ,7). However, there have been few reports documenting the value of 3D-CT A in patients with brain tumors 8 -10 ) because information for diagnosis and surgery can be obtained from MRI-and/or catheter cerebral angiography (CCA) studies.
Because knowledge on the 3D anatomy of the tumor and surrounding vessels and bone is necessary for safer surgery, it has been reported 3D-CT A to acquire information of value for preoperative planning 8 ,lO) . However, 3D-CT A does not yield findings on feeding arteries, draining veins, vessels encased by the tumor, and the nature of neighboring vessels. Therefore, we developed a novel technique that facilitates the separate demonstration of the arterial-and venous phase at 3D-CTA in a single procedure"). The images provided anatomical details regarding the tumor, arteries, and veins. However, in some instances the entire tumor and/or surrounding structures were not demonstrated because the scan range on the I6-row CT scanner (16-MDCT) was limited to 45 mm.
Recently, a 64-MDCT scanner that features better spatial resolution, a widerscan range, and shorter data acquisition time than the I6-MDCT scanners has been introduced 12 ,13) . Using a 64-MDCT we assessed the usefulness of the separate demonstration of the arterial and venous phases on 3D-CT A for preoperative surgical planning in patients with brain tumors.
MATERIALS AND METHODS
The study population consisted of 19 operated patients with pathologically confirmed meningiomas (n=ll), schwannomas, metastatic brain tumors (n=2 each), glioblastoma multiforme, malignant lymphoma, craniopharyngioma, and embryonal carcinoma (n = 1 each) ( Table 1 ). The 19 patients was already performed 3D-CT A, but we added the scanning for the separate demonstration of the arterial and venous phases on 3D-CT A because we needed the more detailed information such as anatomical relation between arteries and veins, the vessels encased by tumor and the identification of arteries or veins. 
'"
We used a 64-MDCT scanner (Aquilion, Toshiba Corporation, Tokyo) with a tiltable gantry. First, we obtained scout views to determ ine the scan range for dynamic CT scanning. T o reduce radiation ex posure to the orbits, the scanning range was set from the orbitomeatal (OM) line 10 mm above and parallel with the OM line; it facilitated scanning of the internal carotid artery (lCA) in the cavernous sinus and sigmoid sinus (SS). An IS-gauge plastic intravenous catheter was placed in an antecubital vein and connected to a dual -head power injector. Dynamic CT scanning was started 5 sec after the inj ection of nonionic contrast material (Iopamiron@ ; 370 mg/dl, Schering, Osaka, Japan) at a rate of 6 ml/sec for 3 sec (total vo lume IS ml) follo wed by a chaser bolus-inj ection of saline (total volume 12 ml, delivered at 6 ml /sec for 2 sec). A dynamic CT scan (four 4-mm -thick slices) was obtained every 0.5 sec for a total of 25 sec. The X-ray tube voltage/current was SO kV /60 mA. We produced time-density curves by setting the regions of interest at the lCA in the cavernous-and sigmoid sinus (Fig. lA, B) .
Based on the dynamic CT results we determined the optimal scan timing for the arterial -and venous phase. The arterial phase was scanned from 3 sec before the peak of the time density curve of the lCA to 1 sec after the peak. The venous phase was scanned from the peak time of the SS to 4 sec after the pea k (Fig. lB) . After approximately 10 min, the arterial-and venous phases were scanned individually after contrast injection (Fig. 2) . We interposed the 10-min interval because the concentration of contrast medium inj ected for dynamic CT scanning affects the im age quality of arterial-and venous-phase 3D-CT A images. The patient's heart rate was monitored throughout the examination. When there was a difference of more than 8 beats between the heart rate during the dynamic CT scan and the heart rate just prior to arterial-phase scanning, the scan timing for the arterial and venous phases was adjusted.
The scan parameters were as follows: 135 kV, 260 rnA, helical pitch, 41 ; 0.5 sec per tube rotation; tube speed, 36 mm/sec; scan range, 120 mm. Using a dual-head power injector, we delivered a bolus injection of contrast medium at a rate of 6 ml/ sec for 5 sec (total 30 ml); this was followed by an 18-ml saline chaser bolus administered at a rate of 6 ml/sec.
The acquired data were reconstructed at 0.3-mm slice thickness and transferred to a workstation (ZIO M900 QUADRA, Ziosoft Inc., Tokyo) connected on-line to the MDCT scanner. First, we produced arterial-and venous-phase 3D-CT A images with a volume-rendering technique. The lower threshold of 110-160 Hounsfield units (HU) allowed the extraction of arterial-phase 3D-CT A images without veins and of venous-phase 3D-CT A images without arteries. Next, we created bone images from the venous-phase 3D-CT A images at a 260-450 HU threshold. Using the dilate function of the workstation, we increased the thickness of the bone images by 7 pixel layers ( Fig. 3D) , because there was a difference of 7 pixels between the bone images at a 260-450 HU threshold and the original bone images. The dilated image was then subtracted from the arterial-phase 3D-CT A image, this yielded 3D-CT images of the arteries demonstrated on arterial-phase scans (Fig. 3A) . Similarly, the dilated bone image was subtracted from the venous-phase 3D-CT A image, yielding 3D-CT images of the veins demonstrated at the venous-phase (Fig. 3B) . Lastly, the tumor was extracted from the 3D-CT images of arteries or veins by using a cutting method (Fig. 3C) . In cases where the tumor was markedly or moderately enhanced, it was extracted at a lower threshold (80-120 HU). In the patient with a non-enhanced craniopharyngioma (case 18, Table 1), the tumor was extracted at a lower threshold (0-10 HU). To identify the arteries, veins, bone, and tumor, they were colored red, blue, white, and green, respectively. Using these 3D-CT images we prepared combined images, i.e. 3D-CT arteriography (3D-CT image of arteries and bone), 3D-CT venography (3D-CT image of veins and bone), and fused 3D-CT images of the a rteri es, veins, bone, and tumor (Fig. 3E) . To assess the vesse ls invo lved by the tum or, semitransparent im ages of the tumor were created. Tumors that were not demarcated were not extracted because it was difficult to delineate the tum or margin. Three experienced neurosurgeons (N.K., T.S., M.M.) who performed the operation reviewed the images after the operation a nd assessed what findings of our method were useful for the surgery in comparison with 3D-CT A. They were asked to subj ecti vely eva luate our method concerning the following findings such as identification of anatomical course of the encased vessels, anatomical relation between tumor and the surround ing arteries and veins, and discrimination between venous sinus and tumor.
Informed consent was obtained from the patients before the imaging.
RESULTS
The 64 -MDCT scanner consistently provided arterial -and venous-ph ase 3D-CT A of the entire head. In all 19 cases, by setti ng the CT threshold at 110-160 HU, we were able to demonstrate arteri al-and venous-phase 3D-CT A images separate-ly. Of the 19 tumors, 18 were successfully extracted from the 3D-CT venographs. We were unable to extract the glioblastoma multiforme (case 16, Table 1 ) because the tumor border was obscure.
Our technique yielded 3D-CT arteriography-, 3D-CT venography-, and fused 3D-CT images that made possible an understanding of the anatomic 3D relationship among the arteries, veins, bony structures, and tumors. These images provided useful information that could not be obtained on 3D-CT A on the feeding arteries, draining veins, the vessels involved by the tumor, sinus invasion by the tumor, and made possible the identification of arteries or veins surrounding the tumor. According to the assessment of the three operators, the usefulness of our method was indicated in 14 of the 19 cases. The information on the anatomical relation between tumor and the surrounding arteries and veins was useful in 13 of the 14 cases and on feeding arteries and draining veins was in one, the identification of anatomical course of the encased vessels was in one, and the discrimination between the venous sinus and tumor was in one. In 5 cases, our method did not provide significant useful findings for the operator.
In case 2, an 80-year-old woman with a falx meningioma, there was a difference in 8 beats between the heart rate at dynamic CT -and just before arterial-phase scanning. To adjust the scan timing, we delayed for 1 sec the acquisition of arterial-and venous-phase scans. This allowed for the successful creation of arterial-and venous phase 3D-CT A images. Other than some reports of a warming sensation throughout body, we encountered no adverse events in this series.
In 2 of the 19 cases (cases 6 and 10), we performed CCA to emboli zed the feeding arteries. In case 10, we embolized the middle meningeal artery feeding the tumor. In case 6, we did not perform embolization because the feeding arteries derived from ethmoidal arteries of the ophthalmic artery.
Representative Cases
Case 5. This 49-year-old woman with multiple atypical meningiomas was admitted to our hospital for resection of a recurred tumor in the middle fossa. T1-weighted gadolinium-enhanced MRI showed an enhanced mass in the right middle fossa (Fig. 4A) . Although 3D-CT A demonstrated the tumor and surrounding vessels (Fig. 4B) , it did not provide information on involved vessels and whether these were arteries or veins. Fused 3D-CT images of the arteries, veins, and the tumor made it possible to identify the arteries and veins on the surface of the tumor (Fig.  4C ). On these images the tumor was semitransparent and we were able to understand the anatomical course of the sphenoidal (M1)-and insular segment (M2) of the right middle cerebral artery (MCA) involved by the tumor (Fig. 4D) . These findings were consistent with surgical observations. Based on this information, we were able to remove the tumor without any damage to the encased M1 and M2 segments. enh anced TI-weighted MRI showed a n enhanced mass in th e right middle fo ssa. B : 3D-CT A, anterosuperior view, demonstrated t he t um or in the middle fo ssa and surrounding vesse ls. C : Fused 3D-CT im age of a rteri es, veins, a nd tum or, a nterosuperi or view, showed the a nato mi c relationship amo ng arteries, veins, and tumor. D: On t he fused 3D-CT image the tu mor is semi t ransparent. This makes it possibl e to di scern th e anatom ic course of the MI and M2 (arrows) segment of the right MCA in vo lved by th e tumo r. MI =sphenoidal segment, M2 = insul ar segment, MCA = midd le cerebra l artery F ig . 5. Case 6-A 55-yea r-old wo man with olfac tory mening ioma. A: Gadoliniumenhanced Tl-we ighted MRI demo nstrated an enhanced mass. B : 3D-CTA, superi or view, showed the tumor and surrounding vessels. C : Fused 3D-CT im age (superior view) showed the anatomic relationsh ip among t he tumor, arte ri es, and ve ins. D: Fused 3D-CT image, ri ght latera l view. T he semitransparency of t he tumor made it possibl e to identify t he draining veins (arrows) . E: The 3D-CT arter iograph y demonstrated the feedin g a rteries (arro w) exhibiting radi ated feat ures, the so-ca ll ed "sun -burst appearance", at the center of the tum or. F, G: Co mpa red to th e fused 3D-CT -a nd the 3D-CTA im ages, right internal carotid artery angiograms obtained durin g the a rteri a l (F) and venous (G) phase, right la teral view, did not clea rly visuali ze the feed ing arteries a nd dra ining veins.
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weighted MRI demonstrated a mass with a flow vo id in the anterior fossa (Fig. 5A) , pathologically di agnosed as olfactory gr oove meningioma. Although 3D-CT A visualized the tumor and surrounding vessels, it did not help to identify arteries and veins (Fig.5E ). Fused 3D-CT images facilitated understanding of the anatomic relati onship among the tumor, arteri es, and veins on the surface of the tumor (Fig.  5C) . Moreover, as the tumor was semitransparent, the draining veins in the tum or could be identified (Fig. 5D) . The feeding arter ies arising at the center of the tum or were visuali zed on 3D-CT arteriography (Fig. 5E ). Alth ough we performed CCA to embo lize the feeders from the external ca rotid artery, we did not fo llow through because the tumor was suppli ed from the ophthalmic artery. Compared t o CCA (Fig. 5F, G) , the 3D-CT images clearly demonstrated the feeding arteries and draining veins. We coagulated the feed ing arteries during the early stage of the operation, thereby minimi zing bl eeding from the tumor.
Case 8. This 26-year-old woman suffered fr om left hemiparesis. Gadoliniumenhanced Tl-weighted MRI demonstrated an enhanced mass attached to the superior sagittal sinus (SSS) (Fig. 6A ), pathologicall y diagnosed as parasagittal meningioma. Although 3D-CT A did not yield informat ion on the patency of the SSS (Fig.  6E ), 3D-CT images of the veins indi cated that it was patent. Fused 3D-CT images revealed fenestration and stenosis of the SSS (Fig.6C) . With this informati on we were ab le to ascertain preoperati vely the anatom ical relationship between the SSS and the tumor. This prevented operative injury of the SSS and faci li tated tota l tumor removal. The patency of the SSS was confirmed at surgery. Case 18. This 41 -year-old man was admitted complaining of visual disturbance. Contrast-enhanced CT demonstrated an un enhanced cysti c mass in the suprasell ar region (Fig. 7 A) , pathologically diagnosed as craniopharyngioma. First, we extracted the lateral ventricle and cyst at an H U threshold of 0-10 (Fi g. 7B) . Next, the green-colored tum or was extracted by using the cutting method (Fig. 7C) . Fused 3D-CT images provided info rm ati on on the anatomica l relationship between the tumor and the di splaced arteries and veins (Fig. 7D, E) .
DISCUSSION
Although the utility of 3D-CT A in patients with cerebrovascular di seases has been documentecl' -7), ther e are few reports on its usefulness in patients with brain tumors
-JO ) .
One reason why 3D-CT A has been used as a supplementa l rather than an essential too l for the evaluation of brain tum ors may be that it cannot demonstrate arteries and veins separately. Using a 16-MDCT scanner we previously reported a method that demonstr ates separately the arter ial -and venous-phase on 3D-CT A 11), however, the tumors larger than 45 mm were not demonstrated. The new 64-MDCT scanner 12 • 13 ) , opened a larger scan range of 120 mm and is 4 times faster than the 16-MDCT scanner. This facilitated the separate demonstration of the arterial-and venous phase on 3D-CT A of the entire head. Although arteries and veins can be identified on 3D-CT A based on anatomical knowledge, their correct identification depends on the experience and subjective judgment of the viewer and misinterpretation cannot be ruled out. Our method makes possible the unequivocal anatomic differentiation between arteries and veins.
In 18 of 19 cases, the tumors were stained more strongly in the venous-than the arterial phase; therefore, we extracted the tumors from 3D-CT images of the veins. Even in the patient with a non-enhanced craniopharyngioma (case 18) a 3D-CT image of the tumor could be created using a CT threshold of 0-10 HU. As 3D-CT arteriography and -venography can be combined with the tumor image, information can be gleaned on the 3D relationship among the arteries, veins, tumor, and bone.
To separate the arterial-and venous phase on 3D-CT A, the scan timing of the arterial-and venous phase should be based on time-density curve data acquired from dynamic CT scans. As the arrival time of the injected contrast medium at the ICA depends on the heart rate 6 ), our method requires that the heart rate during dynamic CT -be equal to the rate during arterial-and venous phase scanning. When there is a difference in 8 beats, there is a time difference in 1 sec between the arrival of the medium at the intracranial ICN). In such cases, the scan timing of the arterial-and venous phase must be corrected to compensate for this difference. In one of 19 cases (case 2), we made this correction and succeeded in developing arterial-and venous phase 3D-CT A images.
Information on the vascular supply to the tumor is important to minimize blood loss during tumor resection. In the patient with meningioma (case 6), 3D-CT arteriography demonstrated feeding arteries that were not clearly visualized on CCA images. The radiated nature of the feeding arteries shown on 3D-CT arteriography may reflect the sun-burst appearance. The 3D features of the feeding arteries may be a characteristic 3D-CT arteriography finding as the CCA finding in cases with meningioma 14 ) .
Moreover, 3D information on encased vessels, especially arteries, is critical for a safer surgical procedure. The semi transparency of the tumor made it possible to evaluate the anatomical course of arteries encased within the tumor. This technique is valuable for preoperative evaluation of the tumor.
When the tumor is enhanced as intensely as the dural sinus, 3D-CT A fails to demonstrate tumor invasion to the dural sinus because it is impossible to visualize infiltration at any window level. Our method makes it possible to differentiate the tumor from the dural sinus; this allows evaluation of the degree of dural sinus stenosis. However, to differentiate unequivocally between the tumor and the dural sinus, in addition to arterial-and venous phase scanning, a method for tumor-phase scanning is needed.
The findings on the differentiation and/or anatomical course of the vessels which are adjacented to tumors or encased by tumors are important for the operators because the information makes the surgical approach and resection of the tumors safer. This study indicated the usefulness of our technique for the surgery, however, our technique may not be applied for all patients with tumors because the patients suffer from the additional radiation exposure. We believe that our method should be performed in the patients who the information on the 3D-CT A is not sufficient for the operation.
MR angiography (MRA) and MR venography (MRV) facilitate assessment of the arteries and veins. If MRA and MRV images are fused and displayed on 3D-images, the anatomical relation between arteries and veins can be examined. Compared with our method, however, MRA and MRV have relative disadvantages because they do not provide information on bony structures and calcifications; this information is important for surgery. MRA involves a variety of potential artifacts and may result in misinterpretation I5 -18 ). The susceptibility gradient of the sphenoidal-and ethmoidal sinuses and the turbulent or slow flow within vessels result in signal loss and misdiagnosisI 6 ). Ayanzen et al. 19 ) . reported that transverse flow-gaps were observed in as many as 31% of patients with normal MRI findings. These flow gaps are mainly related to artifact from slow intravascular blood flow, in-plane flow, and complex flow patterns. The observation of such flow gaps may raise diagnostic difficulties when dural sinus stenosis or occlusion is suspected 20 ) . Moreover, MRA and MRV are not tolerated by patients with pacemakers or claustrophobia 21 • 22 ) and may be susceptible to degradation due to patient motion. On the other hand, our technique is a reliable method to depict the venous structures because it does not involve in-plane saturation. Miki et al. 9 ) compared MDCT -and MR images in the evaluation of pituitary macroadenomas with regard to tumor margin clarity, the identification of the normal pituitary gland and of erosion or destruction of the sellar floor. They reported that MDCT was superior to MRI for assessing lateral tumor margins and the sellar floor at the sphenoid sinus. Although we have no experience with pituitary adenoma patients, we postulate that our method offers useful preoperative information in these patients as well.
Although the features of the vasculature can be visualized on 3D-CT A, it does not yield functional findings. Our method does not provide information regarding perfusion such as the venous circulation in veins or sinuses invaded by the tumor and evaluation of the collateral flow is also difficult. Therefore, CCA remains a useful and necessary technique. Since we delivered the contrast medium as a single bolus injection, the images we obtained may display dynamic information. The visualization of arteries on 3D-CT venography is indicative of a delay in the arterial flow and prolongation in the cerebral circulation. On the other hand, the visualization of veins on 3D-CT arteriography makes it necessary to rule out the presence of an arteriovenous shunt such as an arteriovenous malformation, an arteriovenous fistula, or a malignant tumor with an arteriovenous shunt. In case 16, a patient with glioblastoma multiforme, the visualization of abnormal vessels in the arterial phase may indicate the existence of arteriovenous shunts, suggesting that tumors harboring abnormal vessels with an arterial component may be malignant 23 ) .
Compared to CCA, our method is less invasive, less expensive and the time required for the acquisition of images is shorter. CCA carries the risk for stroke and limb ischemia 24 -26 ) .As it was possible to proceed to surgery in 17 of our 19 cases without subjecting the patients to CCA, we suggest that use of our method makes it possible to operate many brain tumors.
In terms of disadvantages, our procedure requires the acquisition of dynamic CT scans before arterial-and venous-phase scanning. Therefore, patients are subjected to 3 scans with relatively high radiation exposure. To reduce the radiation dose, we performed dynamic CT with a tube voltage/current of 80 kV /60 mAo The estimated radiation dose was approximately 120 mGy. Since the tube voltage/ current at scanning of the arterial-and venous phase was 135 kV /260 mA, the estimated radiation dose was approximately 220 mGy, resulting in a total radiation dose of 360 mGy. The radiation dose of perfusion CT is reported to be 700-1,400 mGy27). Imanishi et al. 28 ) reported 3 patients who manifested transient bandageshaped hair loss after perfusion CT with CCA or interventional procedures. Their 3 patients underwent 2 angiographic studies of the head and more than 2 perfusion CT studies within 15 days. The estimated radiation dose to the skin exceeded 3-5 Gy. We must remember that the cumulative or multiplier effect of radiation exposure from multiple diagnostic techniques may result in hair loss and other complications.
We delivered a bolus contrast infusion at the rate of 6 ml/sec; this is twice the speed of injection used at conventional 3D-CT A. Toyota et al. 29 ) encountered no extravasation of contrast medium delivered at 9 ml/sec nor any other complications. Others who reported contrast infusion rates of 7-10 ml/sec did not discuss complications attributable to the high speed of injection 30 -32 ) . Although we encountered no complications at an infusion rate of 6 ml/sec, special care must be taken when our method is performed on the elderly patients or patients with heart disease.
CONCLUSIONS
The 64-MDCT scanner makes it possible to create whole-head 3D-CT images of the arteries, veins, tumors, and bones. Fused 3D-CT images provided information on the anatomic relationship among the tumor, arteries, veins, and bony structures. They made it possible to assess feeding arteries, draining veins, the patency of the dural sinus invaded by the tumor, encased vessels, and to distinguish between arteries and veins.
Our method is highly useful at preoperative study because it yields findings indispensable for a safer surgical approach. If the information on the 3D-CT A is not sufficient and the more detailed and valuable findings are required, our technique
